SiS has long been observed in the circumstellar medium of the carbon-rich star IRC+10216 CW Leo. 
INTRODUCTION
Silicon sulphide is well known in space. The first detections of SiS were in the microwave region by Morris et al. (1975) , emitting from the IRC+10216 molecular envelope, who deduced that SiS was in greater abundance than SiO. This was in line with Tsuji (1973) who had earlier suggested that to detect SiS in circumstellar envelopes, the abundance ratio of carbon to oxygen needs to be much greater than unity, because the abundance of SiS is a function of the [C]/[O] abundance ratio. At larger distances away from the star, SiS molecules condense onto dust grains. Silicon from the dust grains is thought to be released into gas phase via shock waves produced due to the pulsation of the star. In regions radially further still, the ultra-violet (UV) radiation in the interstellar medium dissociates the molecules, hence the abundance of SiS is expected to be low in these regions (Velilla Prieto et al. 2015) . Morris et al. (1975) concluded that the observed radio-frequency lines of molecules containing elements such as Si and S could provide information on the nuclear processes occurring in stars which are in their post main sequence (PMS) phase. Subsequent detections of many rare isotopologues of SiS were reported by Johansson et al. (1984) , Ziurys et al. (1984) , Kahane et al. (1988) , Cernicharo et al. (2000) and Mauersberger et al. (2004) . Maser emission from IRC+10216 was reported by Henkel et al. (1983) . They observed J = 1 − 0 transitions of SiS in the vibrational state v = 0, 1 and 2 at frequencies near 18 GHz. According to Henkel et al. (1983) , there is a population inversion in the J = 1 − 0 transition in the ground vibrational state which is responsible for the maser emission. Fonfria Exposito et al. (2006) reported the first detections of SiS maser emission from J = 15 − 14, J = 14 − 13 and J = 11 − 10 transitions in the ground vibrational state from IRC+10216. First reports of vibrationally excited SiS in IRC+10216 came from Turner (1987) who detected transitions within the vibrational excited v = 1 state. Turner (1987) concluded that the emission arises from the inner region of the circumstellar envelope which has a temperatures greater than 600 K. More recently Velilla Prieto et al. (2015) The ExoMol project aims at providing line lists of spectroscopic transitions for key molecular species which are likely to be important in the atmospheres of extrasolar planets and cool stars (Tennyson & Yurchenko 2012; Tennyson et al. 2016) . This is essential for the continued exploration of newly discovered astrophysical objects such as exoplanets, for which there is an increasing desire to characterise their atmospheric compositions. The methodology of the line list production for diatomics is discussed by Tennyson & Yurchenko (2017b) . ExoMol has already provided rotation-vibration line lists for several siliconcontaining molecules: SiO (Barton et al. 2013 ), SiH4 (Owens et al. 2017) and SiH (Yurchenko et al. 2018b) , and for several sulphur-containing molecules: CS (Paulose et al. 2015) , PS (Prajapat et al. 2017) , H2S (Azzam et al. 2016) , SO2 (Underwood et al. 2016a ) and SO3 (Underwood et al. 2016b) , as well as most recently SH and SN (Yurchenko et al. 2018a) . Given the astronomical importance of SiS, we present line lists for the 12 stable isotopologues of SiS applicable for temperatures up to 5000 K.
The following section discusses, respectively, the avaiable experimental and theoretical data for the SiS molecule. Section 3 describes our methodology. Section 4 presents our results and compares with previous data. Finally Section 5 briefly presents our conclusions. Barrow & Jevons (1938) first observed D 1 Π -X 1 Σ + SiS band in the ultraviolet (UV) region 2500 to 6500Å. Later the E 1 Σ + -X 1 Σ + band system was observed by Vago & Barrow (1946) in absorption at temperatures of about 1000
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Experimental data
• C. These bands were further analysed by Barrow (1946) , Barrow et al. (1961) , Bredohl et al. (1975) , Bredohl et al. (1976) and Lakshminarayana et al. (1985) . Linton (1980) observed chemiluminescent following the formation of SiS molecules in the reaction of Si atoms with OCS. The spectra showed two main bands in the region 350 -400 nm and 385 -600 nm attributed to transitions within the
The rotational spectrum of SiS was measured by Hoeft et al. (1969) , Hoeft et al. (1970) and Tiemann et al. (1972) . The permanent dipole moment in the ground state was determined by Stark effect measurements to be µ = 1.74 ± 0.07 D by Murty & Curl (1969) and also by Hoeft et al. (1969) . Isotopic effects on the rotational spectrum of SiS were investigated by Tiemann et al. (1972) Nair et al. (1965) .
Theoretical data
Several ab initio studies have been carried out on SiS starting with Robbe et al. (1981) who computed spectroscopic parameters of electronic states of SiS. Potential energy curves (PECs) for the ground electronic and various excited states have been calculated by several authors. These include finite difference Hartree-Fock (HF) calculations on the ground electronic state by Muller-Plathe & Laaksonen (1989) . Chattopadhyaya et al. (2002) computed PECs for a number of lower electronic states of SiS using configuration interaction calculation with relativistic effective core potentials. Coxon & Hajigeorgiou (1992) determined an empirical X 1 Σ + state PEC using observed rotational -vibrational and pure rotational transition line positions. This PEC, which includes Born-Oppenheimer breakdown (BOB) corrections, is accurate to within experimental error. Coxon and Hajigeorgiou's PEC and BOB corrections are used in this work. See section 3.2 for more details. Li et al. (1988) focused their calculations on the X 1 Σ + electronic ground state of SiS and used multi reference configuration interaction (MRCI) level calculations to compute the dissociation energy, the equilibrium bond length and a dipole moment curve (DMC). Li et al. (1988) obtained their best value of µ = 1.57 D for the permanent dipole moment, compared to the measured value µ = 1.74 ± 0.07 D; they suggested that the addition of diffuse functions to the basis sets should account for the discrepancy between the calculated and experimental value. Subsequently, Huzinaga et al. (1993) also calculated the ground electronic DMC of SiS at the SCF (self-consistent field) level and obtained a value of µ = 2.170 D. Maroulis et al. (2000) performed coupled cluster (CCSD(T)) and finite field many body perturbation theory calculations to obtain a permanent dipole moment value close to that of Li et al. (1988) , µ = 1.556 D. Shi et al. (2011 Shi et al. ( ) provided us (private communication, 2017 a DMC computed at the MRCI level with a large aug-cc-pV6Z basis set which gives µ = 1.611 D. Pineiro et al. (1987) provided a semi empirical dipole moment function which they used to estimate dipole matrix elements for vibration-rotational transitions. Given the variation in theoretical dipoles and the lack of agreement with the measured values, we compute our own ab initio DMC, see section 3.1.
METHOD
The general procedure adopted here is similar to that used by us for other closed-shell diatomics such as SiO (Barton et al. 2013) , PN (Yorke et al. 2014 ) and CS (Paulose et al. 2015) . The nuclear motion problem was solved using the program Level (Le Roy 2017). As input we used the spectroscopically-determined PEC of Coxon & Hajigeorgiou (1992) , with minor adjustments caused by discretization of the PEC as described below, and an ab initio DMC presented below.
Dipole moment curve
Initially we tested the calculated DMC of Li et al. (2014) . However, when we compared these values to those given on the CDMS (The Cologne Database for Molecular Spectroscopy) database (Müller et al. 2005; Mueller et al. 2007 ), we found large discrepancies in the values of the Einstein A coefficients so decided to calculate our own DMC. Ab initio calculations of the DMC were performed using MOLPRO (Werner et al. 2012 ) at the CCSD(T) level with an aug-cc-pV5Z basis set for 128 points between 0.9 and 3.2Å. The dipoles were computed using the finite field approach (see Lodi & Tennyson (2010) ) and stable results required using a low perturbing electric field strength of 0.00005 atomic units. Figure 1 compares ab initio DMCs. Except for the curve provided by Shi et al. (2011), all other dipole curves have been calculated as part of this study using the CCSD(T) method. Our CCSD(T) DMCs appear to drop too rapidly at large bondlength. This behaviour appears to be a feature of CCSD(T) DMCs (Tennyson 2014) . However, tests showed that our results are not sensitive to the DMC beyond R = 2.8Å. Conversely our aug-cc-pV5Z DMC is smooth at bondlengths about equilibrium but that due to Shi et al. (2011) is computed at fewer points and is then less smooth when the points are used directly in the nuclear motion calculation. This lack of smoothness in the DMC leads to unphysical intensities (Medvedev et al. 2015) . Our aug-cc-pV5Z dipole points are included in the supplementary material to this article as part of the input to Level. Einstein A coefficients were calculated using Level and our CCSD(T) aug-cc-pV5Z DMC. Our computed value of the equilibrium dipole moment is µ = 1.70 D whereas Shi et al. (2011) calculate this to be µ = 1.61 D; the experimental value for the v = 0 dipole moment is µ = 1.74 ± 0.07 D. This higher value for our dipole gave better agreement with results of CDMS for pure rotational spectra, see below. Conversely all reliable DMCs considered give rather similar slopes in the region of equilibrium. This leads to a somewhat larger transition dipoles for the vibrational fundamental than the one assumed by CDMS, who use transition dipole values based on the semi-empirical estimates of Pineiro et al. (1987) .
Potential Energy Curve
A very accurate PEC was derived by Coxon & Hajigeorgiou (1992) Tiemann et al. (1972) , Birk & Jones (1990) and Frum et al. (1990) . The resulting PEC is valid for all isotopologues of SiS. Their Born-Oppenheimer SiS potential energy function takes the functional form of a β-variable Morse potential (Coxon & Hajigeorgiou 1991) with additional atomic mass dependent BOB terms added. The effective PEC takes the form
where the last two terms give the functional forms of the J-independent BOB corrections for SiS. MSi and MS are the atomic masses of the isotopes of Si and S respectively. Initially Birk & Jones (1990) tried to invert their measured line positions data to a Born-Oppenhiemer potential as a Dunham expansion but were unable to fit high J line positions (J ≥ 100), which had to be excluded from the fit. Coxon & Hajigeorgiou (1992) are able to include this data in the final fit using their model. Coxon & Hajigeorgiou (1992) showed that a small number of fitted parameters were able to represent the entire spectroscopic dataset to within the measurement accuracies of about 0.001 cm −1 for the measurements of Birk & Jones (1990) and 0.0001 cm −1 for measurements of the strongest lines from Frum et al. (1990) .
However, the functional form of the β-variable Morse potential is not one of those included in Level. Therefore, the expansion parameters of the PEC given by Coxon & Hajigeorgiou (1992) were used to generate data points of the PEC that could be directly input into Level. The PEC was generated on a grid of 0.001Å from 1.0 to 3.0Å. These points are included in the sample Level input given in the supplementary data. As the BOB term is isotopologue dependent, it was necessary to generate a new grid of effective PEC points for each isotopologue. Tests for 28 Si 32 S showed that the results, and in particular the number of vibrational state obtained, were insensitive to extending this range. .
Nuclear motion calculations
Nuclear motion calculations were performed using the program Level (Le Roy 2017). All vibrational states were considered for the given PEC and isotopologue. The eigenvalues were calculated in Level using an eigenvalue convergence parameter (EPS) value set to 10 −8 cm −1 . Table 1 compares our results for the vibrational term values (ie states with J = 0) with the measurements of Nair et al. (1965) and the calculations of Coxon & Hajigeorgiou (1992) . It can be seen that both calculations agree equally well with the observation and that there is a slight shift, about 0.003 cm −1 between the two theoretical calculations. The discretization of the PEC and minor changes in the fundamental constants use probably account for this small shift. Coxon & Hajigeorgiou (1992) remark that in order to exactly reproduce their vibrational term values the constant h/8π 2 c
should be set to a value of 16.8576314 amuÅ 2 cm −1 . However in Level this constant is fixed at a value of 16.857629206 amů A 2 cm −1 . Given that this shift is almost uniform and we are interested in precise transition frequencies rather than energy levels, this shift was not considered important. Table 2 compares predicted vibrational band origins for the three most important isotopically substituted SiS molecules with the results of Coxon & Hajigeorgiou (1992) . Again the results show a small, almost uniform, systematic shift in the region of 0.003 cm −1 . Again, this difference is probably not significant. 4 LINE LISTS
Partition Function
Level was used to compute all bound rotation-vibration states of each of the 12 isotopologues considered, see summary in Table 3 . Partition functions were then calculated by direct summation of all energy levels. Contributions from quasi-bound or electronically excited states were ignored. Since the nuclear spin degeneracy of both 28 Si and 32 S is zero, the nuclear spin degeneracy factor for 28 Si 32 S is unity which is the value adopted by all conventions. For the other isotopologues we follow the convention adopted by HITRAN (Gamache et al. 2017 ) and use full integer weights given by (2I(Si) + 1)((2I(S) + 1), where I(X) is nuclear spin of species X. Collet (2016) calculate their partition function values from spectroscopic constants compiled by Huber & Herzberg (1979) and Irikura (2007) . In an experimental study carried out by Sanz et al. (2003) , Dunham coefficients and BOB correction terms were determined for the SiS ground electronic state (X 1 Σ + ) using Fourier Transform Microwave (FTM) spectroscopy. These coefficients were used as spectroscopic constants by Barklem & Collet (2016) to calculate their partition function values listed in Table 4 , which are in particularly good agreement with our (direct summation of energy level) values at lower temperatures. Our partition functions for all 12 isotopologues on a 1 K grid up to T = 5000 K are provided in the supplementary data. For ease of use the partition functions are also was fitted to the functional form proposed by Vidler & Tennyson (2000) log 10 Q(T ) =
The fitted expansion parameters for each isotopologue are given in the supplementary material. These parameters reproduce the temperature dependence of partition function of SiS with a relative root-mean-square error of 0.0076 up to T = 5000 K which is the maximum temperature for which our line list is recommended.
Transition frequencies
We initially computed all rotation-vibrational transitions in the ground electronic state which satisfy the selection rule ∆J = ±1, with these transitions occurring between states as high as v = 43 and J = 257. There are around 330 000 transitions in the case of 28 Si 32 S. However, given concerns with the numerical stability of the intensity of higher overtone transitions (Medvedev et al. 2015) , we chose to eliminate all transitions with ∆v ≥ 6. This reduces each line list to less than 100 000 transitions. Table 5 compares our computed transition frequencies with a selection of measured frequencies covering a range of vibrational and rotational states for 28 Si 32 S. The agreement is excellent; essentially to within the experimental uncertainty of 0.001 cm −1 quoted by Birk & Jones (1990) for their measurements. Table 6 gives a similar comparison, albeit for a reduced range of vibrational states, for three isotopologues of SiS. Again agreement is within experimental error. These comparisons provide confidence about the accuracy of the lines positions in the line list.
Comparisons of spectra
In order to test the quality of our theoretical line list, we present comparisons with previous works where possible. For SiS the CDMS catalogue (Müller et al. 2005) , rather unusually, contains both pure rotational and vibration-rotation spectra for several isotopologues of SiS. Figures 2 and 3 compare our predictions for 28 Si 32 S with those of CMDS. For the pure rotational spectrum, Fig. 2 , the agreement is excellent. CDMS is carefully designed to be highly accurate for such long wavelength spectra and anyone wishing to study low-temperature rotational transitions of SiS is advised to start from the data in CDMS. The comparison for the vibrational fundamental, Fig. 3 , is less good. In particular our spectrum is significantly stronger than the one given by CDMS due to our ab initio transition dipole value (0.14 D) being slightly higher than the semi-empirical estimate (0.13 D) provided by Pineiro et al. (1987) for the v = 1 − 0 transition. In this case we expect our results to be more reliable since CDMS uses a rather simple treatment of the transition dipole whereas our calculation is based on the use of a state-of-the-art dipole moment function. There are very limited data available on hot SiS spectra. An exception is the 13 µm region; an overview emission spectrum for this region was presented by Bernath (1996) based on the measurements of Frum et al. (1990) . Figure 4 compares our predictions with this experiment. Given the relative crude nature of the observed spectrum, for which no absolute intensities are available, agreement must be regarded as satisfactory. In particular P and R branch with the vibrational band v = 1 → 0, v = 2 → 1, v = 3 → 2 and v = 4 → 3, in order of decreasing intensity, are clearly visible. Bernath (1996) notes similar features in his spectrum. We note that at higher resolution there are observable contributions from several isotopologues, as shown in Figure 5 . 
Overview
In accordance with ExoMol format , the line lists are presented as two files: a states file and a transitions file. Tables 7 and 8 give brief abstracts of the 28 Si 32 S states and transitions files, respectively. These files can be combined with the partition function, which is also provided in the database, to give the desired spectrum at a given temperature. These files are made available for all 12 isotopologues considered at ftp://cdsarc.u-strasbg.fr/pub/cats/J/MNRAS/xxx/yy, or http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/MNRAS//xxx/yy as well as the ExoMol website, www.exomol.com. Figure 6 presents an overview of the SiS absorption spectrum as a function of temperature. 
CONCLUSION
Accurate and complete line lists for 12 isotopologues of SiS are presented. The line lists, which we call UCTY, use potential energy curves based on the highly accurate study of Coxon & Hajigeorgiou (1992) and newly computed dipole moment functions. They represent the first complete line lists for these systems.
The detection of many hot rocky planets, so called lava planets, has significantly increased the number of small molecules whose spectra may be important in exoplanet atmospheres (Tennyson & Yurchenko 2017a) ; SiS is one of these species. We hope that line lists such as the ones presented here will aid the characterisation of exoplanetary atmospheres by planned observational missions such as ARIEL (Tinetti & et al. 2018 ) and Twinkle (Savini et al. 2016 ). Comparison of our (ExoMol) emission spectrum of 28 Si 32 S at 1000 • C with the laboratory spectrum given by Bernath (1996) .
